Introduction
Tissue engineering through transplantation of mesenchymal stem cells (MSCs) is thought to be a promising strategy for regenerative therapy. MSCs have the potential to differentiate into a wide variety of other cell types (1) , and can be cultivated in an undifferentiated state for a considerable period of time. Many studies have been conducted on the roles of MSCs in regeneration of bone, heart, blood vessels, skin, and other tissues (2) (3) (4) (5) . In addition, transplanted MSCs have been shown to accelerate formation of new bone in various animal models of bone defects. Our research group has reported bone regeneration following transplantation of MSCs and a carbonated hydroxyapatite scaffold in artificially created alveolar clefts in beagle dogs, and confirmed that teeth can be moved to the site of regeneration (6, 7) .
For bone regeneration, blood vessels first invade the connective tissue that forms after transplantation, and create an environment for supply of nutrients and oxygen. Next, osteoblasts form osteoids, and mineralization is induced. For this process, chemotaxis-the characteristic movement or orientation of an organism or cell along a chemical concentration gradient either toward or away from the chemical stimulus-is important (8, 9) . Yoshioka et al. (7) have reported that resorption of the graft carrier is enhanced by transplantation of MSCs. Gamblin et al. (10) have also found that transplantation of MSCs enhances the proliferation of osteoclasts. On the basis of these findings, we have investigated the role of MSCs in osteoclast activation. Osteoclasts are derived from hematopoietic stem cells and exhibit chemotaxis, adhesion, and differentiation. In the present study, we focused on chemotaxis.
Several chemotactic factors for monocytes and macrophages have been identified, including C-C motif chemokine ligand 2 (CCL2/MCP-1; monocyte chemoattractant protein-1), CCL3 (MIP-1α; macrophage inflammatory protein-1α), CCL4 (MIP-1β), CCL5 (RANTES; regulated on activation, normal T cell expressed and secreted), CCL7 (MCP-3), CCL8 (MCP-2), and CCL13 (MCP-4). In particular, CCL2 is thought to promote inflammation by enhancing chemotaxis of macrophages, monocytes, leukocytes, memory T cells, and natural killer cells (11) (12) (13) . Ando et al. (14) have also found that CCL2 has the highest level of expression from MSCs. Receptors for CCL2, including CC-chemokine receptor 2 (CCR2), CCR4, and CCR11, have been described, but CCR2 is the preferential receptor (15, 16) . Therefore, in the present study, we investigated the chemotaxis of RAW264 cells in response to CCL2 expression by MSCs and its relationship to CCR2, as little is known about the effect of MSCs on chemotaxis of osteoclast precursor cells.
Materials and Methods

Cell culture
Balb/c mouse bone marrow-derived MSCs (Cyagen, Santa Clara, CA, USA) and the Balb/c mouse osteoclast precursor cell line RAW264 (Riken Cell Bank, no. RCB 0535, RIKEN, Tokyo, Japan) were used. MSCs and RAW264 cells were cultured in α-minimum essential medium (α-MEM; Sigma Aldrich, St. Louis, MO, USA) supplemented with 10% fetal bovine serum (Biological Industries, Hartford, CT, USA), 10% sodium bicarbonate, and 0.7 mg/mL l-glutamine. All cultures were incubated at 37°C in a humidified atmosphere with 5% CO 2 .
Gene expression of CCL2 in MSCs co-cultured with RAW264 cells
MSCs were seeded at 4.8 × 10
4 cells/well in 6-well plates (Falcon, Corning, NY, USA), and RAW264 cells were seeded at a density of 2.4 × 10 4 cells/well in Cell Culture Inserts for 6-well plates (0.4 μm pore size, 1.0 × 10 6 pores/cm 2 ) (Falcon) and co-cultured without cell contact. When the MSCs reached confluence, the cell culture inserts were discarded, MSCs were collected, and total RNA was extracted and purified using β-mercaptoethanol (Sigma-Aldrich Japan, Tokyo, Japan). A Simpli Amp Thermal Cycler (Applied Biosystems, Foster City, CA, USA) was used to obtain cDNA from total RNA. Using the prepared cDNA as a template, gene expression of CCL2 was determined by using the SYBR Green Realtime PCR Master Mix (Toyobo, Osaka, Japan) and Light Cycler 480 II (Roche Diagnostics, Basel, Switzerland). The primer sequences are listed in Table 1 . The reaction conditions employed were 45 cycles of denaturation at 95°C for 15 s, annealing at 55°C for 30 s, and extension at 72°C for 10 s. The gene expression of CCL2 in MSCs cultured alone was evaluated by quantitative real-time PCR as a control. Gene expression values were normalized to control values. The fold increase in gene expression by MSCs cultured alone was monitored, and the mRNA level was normalized to that of GAPDH.
Gene expression of CCR2 in RAW264 cells RAW264 cells were seeded at a density of 2.4 × 10 4 cells/ well in 6-well plates. After culture, mRNA was isolated from the cells, and RT-PCR for CCR2, a receptor for CCL2, was performed as described above. ) (Falcon) and co-cultured without cell contact. When RAW264 cells reached confluence, the cell culture inserts were discarded and the RAW264 cells were collected; CCR2 mRNA expression was analyzed using quantitative real-time PCR as described above. The gene expression of CCR2 in RAW264 cells cultured alone was evaluated as a control. The primer sequences employed are listed in Table 1 . The fold increase in gene expression by RAW264 cells cultured alone was monitored, and the mRNA level was normalized to that of GAPDH.
Gene expression of CCR2 in RAW264 cells co-cultured with MSCs
In vitro migration and Boyden chamber assay of RAW264 cells
Chemotaxis analysis of RAW264 cells was performed 5 cells/well in the top chambers. After 24 h, a cotton swab was used to remove cells that had not migrated from the filter top. The migrated cells on the bottom of the membrane were dyed with Calcein-AM for 1 h and immediately fixed with 4% paraformaldehyde. Using a phase-contrast microscope (BZ8000; Keyence, Osaka, Japan), we counted the stained cells for each analysis and calculated the mean number of cells in nine random areas. We investigated the chemotaxis of RAW264 cells via CCL2 by comparing the results with a culture to which mouse anti-CCL2 antibody (R&D Systems, Minneapolis, MN, USA) had been added to a concentration of 5 μg/mL.
Statistical analysis
Multiple comparisons were analyzed using the Bonferroni/Dunn method, and comparisons between two groups were analyzed by Student's t-test. Significance was defined as P < 0.01.
Results
Effect of MSC and RAW264 cell co-culture on CCL2 gene expression
To investigate the effect of co-culture of MSCs with RAW264 cells on CCL2, which is a chemotactic factor for monocytes and macrophages, quantitative real-time PCR was performed. The PCR analysis showed that the gene expression of CCL2 was significantly more upregulated (P < 0.01) in MSCs upon co-culture with RAW264 cells relative to the control group (MSC monoculture) (Fig. 1) .
Effect of RAW264 cell and MSC co-culture on CCR2 gene expression
Because CCR2 is the major receptor for CCL2, we confirmed a 140-bp PCR amplification product for CCR2 in RAW264 cells using agarose gel electrophoresis (Fig.  2) . To examine the effect of co-culture of RAW264 cells with MSCs on CCR2 gene expression, we next performed quantitative real-time PCR. CCR2 gene expression was increased significantly (P < 0.01) in RAW264 cells upon co-culture with MSCs relative to the control group (RAW264 cell monoculture) (Fig. 3) .
Effect of MSC co-culture on chemotaxis of RAW264 cells
To investigate the functional role of CCL2-CCR2 interaction in chemotaxis, we performed a chemotaxis assay of RAW264 cells. The data indicated that the number of chemotactic RAW264 cells was increased significantly (P < 0.01) by co-culture with MSCs relative to the control (RAW264 cell monoculture) after 24 h. In addition, when anti-CCL2 antibody was added, the number of chemotactic RAW264 cells was decreased significantly (P < 0.01) relative to the co-culture group without antibody (Fig. 4) . 
Discussion
As a supply of osteoblasts and osteoclast precursor cells is essential for bone regeneration (17, 18) , we hypothesized that osteoclast precursors that have migrated to sites of bone regeneration affect the expression pattern of certain chemokines produced by MSCs, thereby regulating bone regeneration.
Our real time PCR study showed that gene expression of chemotactic factors (CCL2, CCR2) was increased when the chemotaxis of RAW264 cells was enhanced upon co-culture with MSCs, suggesting the involvement of CCL2 expressed by MSCs. A previous study (19) had suggested that chemotaxis of macrophages was enhanced by CCL2 expression in MSCs. The role of CCL2 has also been implicated in the chemotaxis of RAW264 cells (20) . Inhibition of bone resorption occurs following inhibition of CCR2, which is the main receptor for CCL2 (13) . Furthermore, CCR2 knockout mice show reduced bone formation (21) (22) (23) . Gamblin et al. (10) have also found that osteoclast formation is enhanced by transplantation of MSCs, which play an important role in bone formation. In the present study, CCL2 gene expression by MSCs and CCR2 gene expression by RAW264 cells were enhanced by co-culture of the two cell types. Taken together, our results suggest that upregulated expression of these genes enhances chemotaxis of osteoclast precursors, contributing to bone remodeling.
When evaluating chemotaxis of cells along a concentration gradient of existing chemokines, one must consider the influence of cell proliferation. Therefore, in the present study, we investigated chemotaxis using the Boyden chamber assay (24) , which requires a relatively short observation time and is not significantly influenced by cell proliferation. Our results indicated that increased expression of CCL2 and CCR2 as a result of MSC transplantation in the early inflammatory phase, at a time when osteoclasts do not play a major role in bone remodeling, may play a pivotal role in successful bone remodeling.
Previous studies (21, 22, 25) have demonstrated that CCL2 recruits not only monocyte-derived cells but also stem cells such as MSCs, suggesting that tissue regeneration may be enhanced through an increase in the chemotaxis of endogenous stem cells and progenitor cells. The key to tissue regeneration is prompt reconstruction of the vascular network and preparation of a good environment by "founder cells". Cytokines produced by MSCs influence the survival, proliferation, and differentiation of hematopoietic stem cells (26, 27) . Our previous studies had suggested that transplantation of MSCs increases the number of vessels in the surrounding area (6, 7) . These findings suggest that MSCs may play a role in bone remodeling by affecting the chemotaxis of surrounding cells, including osteoclast precursor cells. MSCs promote regeneration mainly through a paracrine mechanism (28) .
The results of our present study show that MSCs enhance the chemotaxis of RAW264 cells, possibly via expression of CCL2, indicating the possible utility of MSCs for tissue regeneration.
